Bioactive glass/polymer hybrids are promising materials for biomedical applications because they combine the bioactivity of these glasses with the flexibility of polymers. In this work it was evaluated the effect of increasing the PVA content of the on structural characteristics and mechanical properties of hybrid. The hybrids were prepared with 70 wt. (%) SiO 2 -30 wt. (%) CaO and PVA fractions of 20 to 60 wt. (%) by the sol-gel method. The structural and mechanical characterization was done by FTIR, SEM and compression tests. To reduce the acidic character of the hybrids due to the catalysts added, different neutralization solutions were tested. The calcium acetate alcoholic solution was the best neutralizing method, resulting in foams with final pH of about 7.0 and small sample contraction. The foams presented porosity of 60-85 wt. (%) and pore diameters of 100-500 µm with interconnected structure. An increase of PVA fraction in the hybrids improved their mechanical properties. The scaffolds produced provided a good environment for the adhesion and proliferation of osteoblasts.
Introduction
Tissue engineering consists in the use of biomaterials to give support to cells cultured and implanted to restore, maintain, or improve tissue function 1 . In bone tissue engineering, scaffolds used as matrices for tissue formation plays a pivotal role, and has to fulfill a few basic requirements, that is, high porosity and proper pore size (minimum of 100 µm required surface properties permitting cell adhesion, differentiation and proliferation, desirable mechanical integrity to maintain the pre-designed tissue structure, non-cytotoxicity and osteoconductivity 2 . The selection of the most appropriate material to produce a scaffold to be used in bone tissue engineering application is a important step towards the construction of a tissue-engineered product, since its properties will determine the properties of the scaffold 3 . Bioactive glasses have good biological characteristics that indicate it as a promising matrix for bone tissue engineering. When implanted in the body, they induce an interfacial bioactive response 4 . Furthermore, the dissolution products of bioactive glass exert control over genetic factors of bone growth 5 . In previous works we developed a process that allows the production of bioactive porous foams using the sol-gel method 6 . These structures have appropriate porosity and interconnectivity, but have low mechanical strength and toughness, which limits its application in tissue engineering.
An approach to improve the mechanical properties of bioactive glasses is the production of organic-inorganic hybrids, where an inorganic phase, with nanodimensions, is inserted in a polymer matrix. The addition of ceramics to polymer matrices allows the production of new materials with superior properties 7 . Thus, one material can combine the bioactivity of ceramics with the flexibility of polymers 8 . The sol-gel process is potentially useful in enabling such combination in molecular and nano scales. It allows the preparation of ceramics at temperatures compatible with the polymers' processing 9 .
In previous work hybrid foams with 80 wt. (%) bioactive glass and 20 wt. (%) polyvinyl alcohol (PVA) were prepared by the sol-gel process for application as scaffold for bone tissue engineering 9, 10 . Hybrids produced by this route had a high acid character because of the catalysts added during the process. Consequently, an additional step of neutralization was necessary to produce biocompatible foams. The neutralizing method used was the immersion of foams in solution of the ammonium hydroxide. It changed the structure of pores of the material and decreased the amount of calcium in hybrids. After neutralizing the hybrids showed strength and deformation slightly lower than before the procedure. The change of behavior of the material is related to the change of composition and pore structure. The neutralization method should be adjusted. In this work the effect of increasing the PVA content on structural characteristics of hybrid foams produced by the sol-gel method was evaluated. As well, different methods to control the acidity of hybrids produced were evaluated by variations in the pH of synthesis and the use of different neutralizing solutions.
Materials and Methods
The hybrids were prepared with inorganic phase composition of 70 wt. (%) SiO 2 -30 wt. (%) CaO and PVA fractions of 20 to 60 wt. (%) by the sol-gel method. The sol was prepared by acid hydrolysis of tetraethyl orthosilicate and addition of CaCl 2 . PVA solution (20 wt. (%)) the surfactant sodium lauryl ether sulfate and hydrofluoric acid solution were added. The mixture was vigorously stirred to form the foam, which was then cast in a container were it gelled and was dried. Hybrid samples were immersed three times, 30 minutes each, in different neutralization solutions: aqueous and *e-mail: agdalinero@yahoo.com, mpereira@demet.ufmg.br alcoholic ammonium hydroxide solutions and aqueous and alcoholic calcium acetate solutions. After neutralization, the hybrids were dried again at 40 °C in an air circulation oven for one week and, after, under high vacuum for 48 hours. The structural and mechanical characterization of the obtained foams was done by SEM, Archimedes Method, Helium Picnometry, FTIR, analysis and compression tests.
The morphology of the films obtained was assessed by scanning electron microscopy (SEM), (JSM 6360LV, JEOL/Noran), the microscope was coupled to a dispersive energy spectrometer (EDS). The images were obtained using an accelerating voltage of 10-15 kV. Before examination, the samples were coated with Au to make them conductive.
FTIR was used to characterize the presence of specific chemical groups in the hybrids. FTIR spectra were collected with wavenumber ranging from 4,000 to 400 cm -1 during 64 scans, with 2 cm -1 resolution (Paragon 1,000, Perkin-Elmer, USA) using the diffuse reflectance spectroscopy method (DRIFTS-FTIR). The FTIR spectra were normalized and major vibration bands were identified and associated with the main chemical groups.
The mechanical behavior of the composites was evaluated by compression tests. Specimens were evenly cut from the most homogeneous region of the foam to form blocks measuring x y z mm 3 . These cubic foam samples were positioned between parallel plates using equipment EMIC DL 3,000 with a crosshead velocity of 0.5 mm/min and a 2,000 N load cell. At least five samples (n = 5) of each composite system were measured and the results averaged. The modulus (taken at the maximum modulus before the onset of yield point), yield stress (defined as the end of the linear deformation region) and the corresponding strain at yield were also recorded. The elastic modulus was calculated as the slope of the initial linear portion of the stress-strain curve. The yield strength was determined from the cross point of the two tangents on the stress-strain curve around the yield point.
The cytotoxicity of foams neutralized in alcoholic calcium acetate solutions, which showed better results, was evaluated for the hybrid containing 50 wt. (%) PVA. Osteoblasts proliferation/viability in the presence of the material was evaluated by the MTT assay. Primary osteoblasts culture was prepared according to a procedure described in previous work 12 . The cells were seeded into 25 mL tissue culture flasks, and allowed to grow in a controlled 5% CO 2 95% humidified incubator at 37 °C. For the experiments, only confluent cells from the second passage were used. For the cell culture studies hybrid foams were cut, sterilized in ethylene oxide, and soaked in culture medium for 2 hours before testing. Osteoblasts were plated and, after adhesion, the foam samples were gently deposited over the cells. The density used was 5 x 10 4 cells/mL. The culture medium RPMI was changed in intervals of 48 hours. After 72 hours of incubation the viability of the osteoblasts was evaluated through the MTT assay, based on the reduction of tetrazolium salt to formazan crystals by dehydrogenase present in living cells mitochondria. 200 µL of culture medium was left in each well and 60 µL of stock MTT solution was added (5 mg.mL -1 ). Two hours later, the cell morphology was analysed by inverted optical microscopy and formazan salts were solubilized with 200 µL of DS 10% HCl. After incubation for 18 hours in a controlled 5% CO 2 95% humidified incubator at 7 °C, the optical density measurement was done at 595 nm.
Results and Discussion
The foams presented porosity of 67-89% and pore diameters of 100-500 µm with interconnected structure. The pore structure varied with the polymer content in the hybrid (Figure 1) . After drying these foams were highly acidic and the neutralization methods described previously were used to obtain samples with neutral pH.
FTIR analysis was used to monitor the changes in the hybrid structures before and after each neutralization method. Figure 2 shows the IR spectra of the hybrid foams produced with 20 to 60 wt. (%) of PVA, in addition to the spectra of bioactive glass and PVA. The spectra for hybrids containing 30 and 50% of PVA were omitted to improve the view of the bands in other spectra. The FTIR spectra of bioactive glass, PVA and hybrid foams (composition 20 wt. (%) PVA) after the neutralization methods are shown in Figure 3 . The analysis of silicate structures by infrared spectroscopy (FTIR) has been reported by several research groups in literature, which were used as reference . The band between 3,800 and 3,000 cm -1 was observed in all the spectra and it was assigned to stretching vibration of several hydroxyl groups. This band was composed by the overlap of the SiO-H stretching vibration at: 3,750 cm , was assigned to the Si-O-C symmetric stretching in not hydrolyzed etoxy groups that remained in hybrids. Based on the increase in the intensity of this band compared to the bioactive glass, it may indicate the formation of the Si-O-PVA-O-Si bond. The relative intensity of 830-760 cm -1 band was obtained after the normalization of IR spectra and subtraction of an appropriate baseline, the intensities of each hybrid was divided by the intensity of the band in the bioactive glass. The results are presented in Figure 4 .
It should be pointed that the increase in the intensity of the band at 830 to 760 cm -1 was only an indicative of the incorporation of PVA in the network, considering that the increase in the 830 cm -1 band occurred because of the increase in PVA content. Moreover, it was considered that the intensity associated at Si-O-Si in the 806 cm For PVA, the bands at 1,740 and 1,094 cm -1 were associated to C=O and C-O stretching vibrations in not hydrolyzed groups. The band at 846 cm -1 was assigned to C-C stretching. The band at 1,270 cm -1 was related to H-C-H bending mode in -CH 3 species. The band at 700 cm -1 was assigned to H-C-C bending mode in -CH 2 -groups.
The time necessary to complete drying of the samples after neutralization was also a parameter measured. Samples neutralized in aqueous solution and deionized water had the drying time of 1 week in oven at 40 °C with air circulation, then 48 hours under high vacuum. The samples submitted to alcoholic neutralization solutions had their drying times reduced to 2 days, in oven, then 12 hours, under high vacuum. Therefore, the use of alcoholic solutions led to lower drying times. There was no significant difference in relation to the contraction suffered by the samples during each drying process, which can be observed by SEM images of foams obtained before and after the tests, Figure 5 . After neutralizing with calcium acetate solutions, the foams presented crystals observed by SEM, probably of calcium chloride as, analyzed by EDS (not shown). Taking into account pH, composition change and sample . contraction we conclude that immersion in calcium acetate alcoholic solution is the most adequate neutralization method.
The compression stress-strain curves for hybrid foams as prepared showed that an increase of PVA fraction in the hybrids improved their mechanical properties (Figure 6 ). The stress-strain curve is characterized by three regimes: at linear elastic regime, corresponding to cell edge bending or face stretching; a stress plateau, corresponding to progressive cell collapse; and densification, corresponding to collapse of the cells throughout the material 15 . For hybrids with lower PVA contents (20 to 30 the cell collapse is due to brittle crushing, although some plastic deformation might occur. At the final compression stage a granular material is obtained. For hybrids with higher polymer contents (40-60 wt. (%)) the contribution of plastic yielding in the plateau increases. It can be observed an increase in compressive strength and deformation at the maximum stress with the increase in polymer content in the hybrid.
Compression stress-strain curves for foams after neutralization in calcium acetate solution are presented in Figure 7 . It can be observed an increase in compressive strength and deformation at the maximum stress with the increase in polymer content in the hybrid.
The neutralization in calcium acetate solution also resulted in the improvement of the mechanical properties.
The increase in PVA content in the solution affects the foaming behavior of the mixture and therefore the final structure of the porous material obtained. It was observed a decrease in the apparent porosity as the PVA content increases, which leads to an increase in the compressive strength of the foams (Figure 7) . The neutralization method also changes the final structure of the foams, as is clear by the analysis of the curves obtained before and after neutralization in Figure 8 . After neutralization, the foams showed a decrease in the apparent porosity and a significant increase in the compressive strength. The apparent porosity of foams decreased between 2 to 5% after neutralization and their compressive strength increase up to 50%. Based on these results, the hybrid containing 50 wt. (%) PVA was chosen as a very promising scaffold, considering all its structural and mechanical characteristics, and therefore it was used for the biological tests.
The cellular viability studies showed that osteoblasts were viable in the culture, in the region around the hybrid foam. The optical density measurement of the solubilized formazan crystals is presented in Figure 9 . It shows that osteoblast proliferation was 94% in the presence of the hybrid foam, when compared to control, or either, it did not present a statistical difference (P < 0. 05). Data were analyzed employing the GraphPad Prism signed rank test. We can conclude that osteoblast viability was not altered in the presence of the foams.
Conclusions
The hybrid foams obtained presented porosity of 67-90% and pore diameters of 100-500 mm, porosity decreasing with polymer content up to 60 wt. (%). The compression tests showed that an increase of PVA fraction in the hybrids improved their mechanical properties. The neutralization in calcium acetate solution led to a change in both the composition and structure of the hybrid foams, which also resulted in the improvement of the mechanical properties.
The obtained foams presented porosity of 60-85 wt. (%) and pore diameters of 100-500 µm with interconnected structure. The porosity decreased with polymer content up to 60 wt. (%). Calcium acetate alcoholic solution was the best neutralizing method, resulting in foams with final pH of about 7.0 and small sample contraction. The compression tests showed that an increase of PVA fraction in the hybrids improved their mechanical properties. The apparent porosity of foams decreased between 2 to 5% and their compressive strength increase up to 50% after neutralization. The hybrid 50 wt. (%) PVA was chosen as the best scaffold in the composition range studied and it is a promising material for bone repair. 
